Abstract: Sintered Ti6Al4V powder compacts potentially to be used in implant applications were prepared using commercially available spherical and angular powders (100-200 lm) within the porosity range of 34-54%. Cylindrical green powder compacts were cold compacted at various pressures and then sintered at 12008C for 2 h. The final percent porosity and mean pore sizes were determined as functions of the applied compaction pressure and powder type. The mechanical properties were investigated through compression testing. Results have shown that yield strength of the powder compacts of 40-42% porosity was comparable with that of human cortical bone. As compared with previously investigated Ti powder compacts, Ti6Al4V powder compacts showed higher strength at similar porosity range. Microscopic observations on the failed compact samples revealed that failure occurred primarily by the separation of interparticle bond regions in the planes 458 to the loading axis.
INTRODUCTION
Porous implant components based on biocompatible metallic materials (e.g., Ti and Ti6Al4V) are expected to provide better interaction with bone. This is partly because of higher degree of bone growth into porous surfaces and higher degree of body fluid transport through three-dimensional interconnected array of pores, 1 leading to improved implant fixation. Furthermore, relatively low elastic modulus of porous metals as compared with those of bulk metals is expected to reduce the extent of stress shielding, which causes well-known implant loosening, and hence to prolong implant life-time. 2 Open cell Ti foams potentially to be used in biomedical applications were previously prepared using a powder metallurgical process known as space holder method. [3] [4] [5] The method allows a direct near net-shape fabrication of foamed implant components having elastic modulus comparable with that of natural bone and with a relatively homogeneous pore structure and a high level of porosity (60-80%). [3] [4] [5] By reducing the ''elastic-mismatch'' as well as ''strength-mismatch'' between metallic implant and bone, it is expected to have better performance of implant-bone compound which can be called as ''isoelastic multimaterial system''. For this purpose numbers of innovative investigations have been undertaken world-wide. Oh et al. 6 reported that the modulus and bending strength of sintered Ti powder compacts were also comparable with those of human bone. It was further shown by the same authors that the porosity level of sintered Ti compacts suitable for the bone replacement was around 30%, which was in accordance with the proposed optimal porosity for the ingrowths of new-bone tissues. The compressive yield strength of sintered Ti compacts was however found to be lower than that of the human cortical bone because of the relatively low yield strength of Ti powder. 6 One way of increasing the yield strength of powder compacts is to use stronger biocompatible Ti alloy powders. This experimental study is therefore conducted to produce stronger sintered powder compacts that can potentially be used in biomedical applications (load carrying implants) including human cortical bone replacement. The experimental work presented focused so far on (a) the preparation of Ti6Al4V (Ti64) compacts with various porosity and pore sizes and (b) the determination of compression mechanical properties of compacts as function of porosity. The final aim of the work was the optimization of the process and properties to satisfy the biomechanical design requirements for certain implants.
MATERIALS AND TESTING METHODS
The sintered powder compacts were prepared using two different commercial Ti64 alloy powders; atomized spherical particles (Powder A) and angular (irregular) particles (Powder B). Powder A and B were manufactured by Phelly Materials and by Solea-Sas Company, respectively. The chemical composition of Powder A and B complied with ASTM 1580-1 standard. 7 The particle size of Powder A ranged between 29 and 250 lm with a mean particle size of 140 lm. The particle sizes of Powder B ranged between 40 and 400 lm with a mean particle size of 170 lm. The powders were sieved in the particle size range of 100-200 lm to use similar particle size range in both powders. The mean particle sizes were determined microscopically as 157 and 160 lm for Powder A and Powder B, respectively. As-received Powder A particles are spherical and have nearly uniform particle size [ Figure 1 (a)] while Powder B particles are in the form of oblate [ Figure 1(b) ]. The particle size in Powder B was determined by averaging the long and short axis lengths of the particles.
Green powder compacts, 16 mm in diameter, were compacted at room temperature inside a cylindrical steel die. It was found that without using a binder, Powder A could not be shaped until about the pressures of 400 MPa; therefore, polyvinyl alcohol solution (5-10% by volume) was used as the binding material. Compaction pressures chosen for Powder A and B were 200, 300, 400, and 500 MPa and 50, 100, 200, 300, and 400 MPa, respectively. At the compaction pressures lower than 200 MPa, Powder A green compacts could not be shaped and the compaction pressures higher than 400 MPa formed lateral cracks on Powder B compacts. The sintering of green compacts was performed in a tightly enclosed horizontal tube furnace under the high purity (99.998%) Ar atmosphere at 12008C for 2 h. The sintering temperature and time chosen were based on the previous sintering studies on Ti foam and powder compacts. [3] [4] [5] [6] For comparison purposes, relatively dense (90%) Ti64 samples were prepared using 40-75 lm size particles (Powder B). These samples were compacted at 1000 MPa and sintered at 13508C for 2 h. The compacts were inserted into the furnace at room temperature inside an enclosed Ti box on a graphite plate which prevented the bonding between Ti box and compacts. The compacts were heated and cooled in the furnace with a rate of 58C min under continuous flow of Ar. In the heating cycle, the compacts were kept at 4508C for 1/2 h to allow the burning of the binder completely. The diameters of the compacts were measured following the sintering and found to be 15.50 mm 6 2 mm, corresponding to a sintering shrinkage of nearly 3%.
Initial quasi-static compression tests were conducted on the sintered compact samples compacted at the same pressure but with different length/diameter (l/d) ratios, $0.65 and $1.5 (15.50 mm 6 2 mm in diameter). These samples were tested in order to determine the l/d ratio dependent compression properties of the compacts. Because the removal of relatively long green powder compacts from the steel die in compaction and subsequent handling before the sintering are relatively difficult, quasi-static compression properties of the sintered compacts were determined on the nonstandard samples with l/d ratio of 0.65 (15.50 mm 6 2 mm in diameter and 10 mm 6 0.5 mm in length). Compression tests were conducted using a displacement controlled SHIMADZU AG-I universal tension-compression test machine. Tests were performed at a cross-head speed of 2 mm min 21 corresponding to a strain rate of 2 3 10 23 s 21 . During compression test, the tests plates and samples surfaces were lubricated to reduce the friction between sample and test plates. At least three tests were conducted for each set of sintered powder compact samples.
Microscopic analysis was performed on the vacuum epoxy-mounted as-received powder and untested and tested compact samples using a Nikon Eclipse L150 optical microscope, a Philips XL30-SFEG scanning electron microscope (SEM) with an Energy Dispersive X-ray (EDX) analyzer, and a Nanoscope-IV Atomic Force Microscope (AFM) in tapping mode. The polished cross-sections of samples were etched with Kroll's reagent (3 cm 3 of HF and 6 cm 3 of HNO 3 in 100 mL of H 2 O). The percent porosities of sintered compacts were measured by the Archimedes' method after coating the surfaces of the compacts with paraffin. 8 The open and closed porosities of compacts were calculated by the differences between dry and wet weights (boiling in water). Mean pore sizes of the compacts were calculated applying the linear intercept method on the images of the polished cross-sections of the compacts. At least five random lines were drawn onto the cross-section images of the powder compacts and then pore sizes intercepting with the random lines were measured.
RESULTS
The microstructure of as-received Powder A [ Figure 2 
The final percent porosities and mean pore sizes of the sintered powder A and B compacts are tabulated in Table I together with the applied cold compaction pressures. The mean pore size and porosity values of the compacts decrease with increasing compaction pressure as tabulated in Table I . The porosities range between 34 and 41% for Powder A and 43 and 54% for Powder B compacts. The mean pore sizes range between 80 and 98 lm for Powder B and 53 and 81 lm for Powder A compacts. The polished surface optical micrographs of Powder A and B compacts with various porosities are shown in Figures 4 and 5 , respectively. Larger pore sizes of Powder B compacts are also clearly seen in these figures. It was also found that the pores were completely open within the porosity range of 34-54%. Figure 6 (a) shows the compressive stress-strain curves of sintered Powder A compacts (cold compaction pressure: 500 MPa) of l/d ratios of 0.65 and 1.5. The stress values rise to a maximum stress (compressive strength) as marked by arrows in Figure 6 (a), after which the compacts fail by particle separation in the planes 458 to the loading axis. Since the compression strength of powder compacts varies with the l/d ratio, the compressive strength values are only used for the comparison of Powder A and Powder B compacts. The yield stress is however found to be independent of l/d ratio for both types of powder compacts. Similar effects of l/d ratio on the compression properties were also confirmed in the sintered compacts cold-compacted at lower pressures. The representative compressive stressstrain curves of sintered Powder A and B compacts coldcompacted at various pressures are shown in Figure 6(b,c) , respectively. Powder A and B compacts show generally similar compression stress-strain behaviors. The strains corresponding to the maximum stresses in Figure 6 (b,c) are considered as the failure strains. The elastic modulus of the compacts is determined in the initial linear region of stress-strain curves and the yield strength is taken as the proportional limit as shown in Figure 6 (b,c). The variation of the compressive strength of compacts with percent porosity is shown in Figure 7 (a). As seen in this figure, the compressive strength of Powder B compacts varies between 30 and 120 MPa while the compressive strength of Powder A compacts varies between 120 and 350 MPa. The compressive strength of Powder B compact with 10% porosity shown in Figure 7 (a) is higher than 500
MPa. The variation of the elastic modulus of compacts with porosity is shown in Figure 7 (b). Similar to the compressive strength, the modulus values increase, from 0.5 to 7 GPa, with decreasing porosity, from 54 to 34%.
The failure of compacts of l/d ratios of 0.65 and 1.5 occurs by the separation of the particles in planes 458 to the loading axis, as shown in Figure 8 The polished and etched cross-sections of Powder A compact samples deformed until about failure further showed that voids initiate primarily in a-platelets and/or at a/b interface and their sizes were measured 1-2 lm before coalescence ( Figure 11 ). Figure 12(a,b) are the AFM images of a sintered Powder A compact sample deformed until about failure. The interparticle bond separation between two particles is clearly seen in Figure 12 
DISCUSSION
Relatively higher percent porosity levels found in Powder B than in Powder A compacts at the same cold compaction pressures (200-400 MPa) is due to angular particle shape, leading to the higher possibility of pore formation between the particles due to irregular shapes. The compaction pressure has also a significant effect on the final measured porosity of the compacts as seen in Table I . Increasing compaction pressure increases the relative density of green compacts by providing higher contact areas between particles. It is noted in Figure 7 (a) that the compressive strengths of Powder A and B compacts with the similar porosities, 40-42%, are very similar, probably confirming that the compressive strength of the compacts is primarily affected by the porosity, rather than the particle shape and the microstructure development. The marked differences between Powder A and Powder B compacts are however visible particularly for the level of attained strength and postmaximum load behaviours of the compacts. The compacts made of spherical powders [ Figure 6 (b)] provide higher compressive strength for a given applied strain and compaction stress used as compared with the compacts of irregularly shaped powders. Postmaximum load stage corresponds to the collapse of the pores and/or interparticle bond separation, and the compacts of Powder A provides higher deformation capacity than Powder B compacts during the process of mechanical instability.
The modulus of natural bone was reported to vary between 1 and 20 GPa 10 and therefore, the elastic modulus range of sintered Ti64 compacts (0.5-7 GPa) is relatively comparable with the reported elastic modulus range of natural bone. The compressive strength of the sintered Powder B compacts of $50% porosity ($50 MPa) with l/d ratio of 0.65 satisfies the strength requirement for canceleous bone replacement (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) . 11 The compressive strength of Ti foams produced by the space holder method with porosities of 52 and 43% were reported $200 and $300 MPa, respectively. 5 At similar porosities, 51 and 43%, the compressive strengths of the nonstandard size sintered powder compact samples are $50 and $120 MPa, respectively. The differences are mainly due to the differences in the deformation modes of these two different groups of materials. In metal foams, the deformation usually proceeds with cell wall buckling and/or crushing in a localized region at the plateau stress, while in the studied sintered compacts the failure occurs in planes diagonal to the loading axis by interparticle bond separation as will be explained later. The yield strength of the cortical bone was however reported to be much higher than that of canceleous bone; within the range between 104 and 121 MPa. 12 For the studied powder compacts, the yield strengths of Powder A and Powder B compacts with the porosities of 40-42% are higher than 100 MPa ( Figure 13) ; therefore, satisfy the strength requirement for the cortical bone replacement. A linear interpolation to the data given in Figure 13 further gives following relation between percent porosity (P) and yield strength (r y ); r y ðMPaÞ ¼ 602:39 À 11:337 3 P For comparison purpose, the variation of 0.2% offset strength of Ti compacts (particle size: 374 lm) with porosity, which was previously reported by Oh et al., 8 is also shown in Figure 13 . As is noted in the same figure, Ti compacts with porosities only lower than $25% satisfy the strength requirement of human cortical bone. On the other hand, the critical porosity increases to $40% with the use of stronger Ti64 compacts.
The mean pore size of prepared compacts is smaller than the critical pore size (required for the attachment and proliferation of new bone tissue) reported by Hubert et al. (100 lm), while higher than the value (50 lm) reported by Bobyn et al. 14 Alternative ways of increasing mean pore size without significantly increasing porosity may include increasing particle size and the addition of predetermined amount and particle size of space holder such as ammonium bicarbonate. [3] [4] [5] The interrelationships between porosity and pore size and the effects of compaction pressure and the addition of space holder should be further investigated in detail for the manufacturing of implant structures with optimum pore size and porosity, which is out of scope of this study.
The granular mode of fracture in Powder B compacts may be because of the lower porosity attained and higher interstitial impurity levels in these compacts. The coalescence of the voids initiated primarily in a-platelets and/or at a/b interface (1-2 lm) likely lead to development of macrocracks and complete separation of interparticle bond region along the a/b interface [ Figure 12(b) ]. The critical strain, strain corresponding to the maximum stress at which particles separation and/ or shearing at contact points started to develop in compacts with l/d ratio of 0.65 ranged between 7 and 15% [ Figure  6 (b,c)]. It was shown previously that the critical strain level was quite different in the Widmanstätten and equiaxed microstructures of a bulk Ti64 alloy; although Widmanstätten microstructure showed strain localization at 8-10% strains, equiaxed structure did not show any localized shearing, 15 confirming a strong dependency of mechanical properties on the microstructure. One of the limitations toward the use of powder compact implants may be the relatively low critical strains at which the separation of particles starts, which could be further optimized with the control of microstructure development and microstructural parameters including percentages and thicknesses of a-and b-phases through the heat treatment processes applied to bulk Ti64 alloy.
CONCLUSIONS
Sintered powder compacts of Ti64 alloy were prepared in the porosity range of 34-54% using atomized spherical and angular powders (100-200 lm) by varying the cold compaction pressure. The final porosities of compacts were found to be the function of the applied cold compaction pressure and the powder type used. The mechanical properties, the compressive strength, elastic modulus and yield strength of compacts were determined through compression testing of cylindrical samples. The results have shown that the yield strength of the compacts having porosity level of 40-42% was comparable with that of human cortical bone. As compared with Ti powder compacts, Ti64 powder compacts also showed higher yield strength at similar porosity range. Microscopic studies of the failed samples showed that failure occurred primarily by the separation of interparticle bond regions in planes 458 to the loading axis.
